
Nature  |  www.nature.com  |  1

Article

Geminal-atom catalysis for cross-coupling
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Xiaohua Luo1, Victor Tulus8, Mu Wang1, Xiaoyu Sheng1, Longbin Ren1, Xiangdong Long1, 
Jing Li1, Peng He1, Huihui Lin1, Yige Cui1, Xinnan Peng1, Jiwei Shi1, Jie Wu1, Chun Zhang1,4,5, 
Ruqiang Zou7, Gonzalo Guillén-Gosálbez8, Javier Pérez-Ramírez8 ✉, Ming Joo Koh1 ✉, 
Ye Zhu1 ✉, Jun Li9,10,11 ✉ & Jiong Lu1 ✉

Single-atom catalysts (SACs) have well-defined active sites, making them of potential 
interest for organic synthesis1–4. However, the architecture of these mononuclear 
metal species stabilized on solid supports may not be optimal for catalysing complex 
molecular transformations owing to restricted spatial environment and electronic 
quantum states5,6. Here we report a class of heterogeneous geminal-atom catalysts 
(GACs), which pair single-atom sites in specific coordination and spatial proximity. 
Regularly separated nitrogen anchoring groups with delocalized π-bonding nature  
in a polymeric carbon nitride (PCN) host7 permit the coordination of Cu geminal sites 
with a ground-state separation of about 4 Å at high metal density8. The adaptable 
coordination of individual Cu sites in GACs enables a cooperative bridge-coupling 
pathway through dynamic Cu–Cu bonding for diverse C–X (X = C, N, O, S) 
cross-couplings with a low activation barrier. In situ characterization and 
quantum-theoretical studies show that such a dynamic process for cross-coupling  
is triggered by the adsorption of two different reactants at geminal metal sites, 
rendering homo-coupling unfeasible. These intrinsic advantages of GACs enable  
the assembly of heterocycles with several coordination sites, sterically congested 
scaffolds and pharmaceuticals with highly specific and stable activity. Scale-up 
experiments and translation to continuous flow suggest broad applicability for the 
manufacturing of fine chemicals.

Transition-metal-catalysed cross-coupling reactions, which are critical 
for developing molecular complexity in organic syntheses, typically 
exploit homogeneous organometallic complexes9–11. Despite their 
unparalleled synthetic capability, concerns arising from using homo-
geneous catalysts include their potentially high production costs, the 
environmental impact associated with challenges in product separa-
tion and purification, and catalyst recycling12,13. The development of 
heterogeneously catalysed processes is highly attractive for large-scale 
production to facilitate catalyst separation, recovery and reuse, and 
improve adaptability for continuous-flow synthesis4,14,15. These poten-
tial advantages have provoked extensive studies of immobilized orga-
nometallic complexes and nanostructured metal catalysts16. Although 
some have been successfully implemented industrially, their applicabil-
ity in cross-coupling reactions remains limited, primarily owing to poor 
control of active-site structures or weak interactions with supports17.

Heterogeneous SACs, which integrate well-defined mononuclear 
metal sites, have sparked interest for their potential to overcome the 
shortcomings of previously developed catalytic solids1,2,18,19. The car-
rier design must ensure the stability of metal centres while permitting 

structural flexibility to fulfil the catalytic cycle and achieve enzyme-like 
specific activity20. Nonetheless, the chemical bonding between the 
metal centre and the carrier required to prevent metal detachment  
or aggregation typically leads to restricted spatial environment  
(for example, high coordination numbers), limiting its capacity to activate  
complicated or multiple substrates simultaneously21,22. These seem-
ingly conflicting requirements have prompted debate over whether 
mononuclear metal sites provide the optimal architecture for complex 
molecular transformations. Some researchers have postulated that tai-
lored multinuclear sites may be more efficient, but controlled synthetic 
routes for other low-nuclearity catalysts remain limited3. An alternative 
approach would be to exploit cooperativity between metal centres in 
SACs by controlling their spatial proximity23 (Supplementary Fig. 1).

Here we develop a new class of heterogeneous GACs consisting of 
pairs of low-valence metal centres with a regular ground-state sepa-
ration and suitable coordination dynamics to enable site coopera-
tivity. The concept is demonstrated for copper atoms anchored on 
a nanocrystalline PCN carrier, which defines the proximity of metal 
sites of about 4 Å and enables their adaptive coordination during 
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the reaction. Catalytic evaluation in a broad range of cross-coupling 
reactions, including azide–alkyne cycloaddition, carbon–carbon 
and carbon–heteroatom bond formation, demonstrates the supe-
rior performance of GACs compared with conventional SACs with a 
similar metal density based on a nitrogen-doped carbon host. The 
results show that GACs overcome the sluggish oxidative addition in 
copper-catalysed cross-coupling reactions, which has traditionally 
limited the scope compared with palladium catalysts, despite the lower 
cost and environmental footprint of copper. Detailed structural and 
mechanism analysis confirms the cooperativity of metal centres in the 
geminal sites, enabling the efficient activation of substrates through a 
dynamic bridge-coupling mechanism. Further demonstration in the 
production of biorelevant pharmaceuticals and translation to con-
tinuous flow illustrate the broad synthetic capability of GACs. Quan-
tification of the environmental benefits of the present GACs route 
compared with conventional homogeneous synthesis by means of an 
ex ante life-cycle assessment (LCA) highlights a reduced footprint in 
four well-established metrics.

Synthesis and characterization of GACs
A stepwise ion exchange and ligand removal strategy was devised for 
the synthesis of low-coordinate geminal metal atoms exploiting the 
abundant and periodic presence of N-H functional groups as metal 
coordination sites in PCN24,25 (Fig. 1a and Supplementary Fig. 2). On 
introduction, Cu single atoms replace H atoms, as confirmed by the 
almost completely reduced intensity of N-H-group-related vibration 
bands of PCN (Fig. 1b), and are further stabilized by the opposite  
N atoms26. Annular dark-field scanning transmission electron micros-
copy (ADF-STEM; Fig. 1c) acquired over ultrahigh-density Cug/PCN 
(18.3 wt% Cu) shows a high concentration of metal atoms, which tend 
to form regularly spaced pairs (termed geminal Cu) with an average 

Cu–Cu distance of approximately 0.4 nm. Such a geminal Cu pair 
anchored in a PCN chain is also captured by in situ scanning tunnelling 
microscopy (STM) characterization (Extended Data Fig. 1). Elemental 
mapping using energy-dispersive X-ray spectroscopy and powder 
X-ray diffraction (XRD) measurements also confirm the uniform metal 
dispersion and the absence of nanoparticles or clusters in Cug/PCN 
(Extended Data Fig. 2). Consistently, the Fourier-transformed extended 
X-ray absorption fine structure (EXAFS; Fig. 1d and Supplementary 
Table 1) spectrum shows a dominant feature centred at 1.5 Å and a 
weak peak at around 2.2 Å, corresponding to the first shell Cu–N and 
the second shell Cu–C interatomic distance, respectively. A prominent 
shoulder feature around 8,983 eV in the Cu K-edge X-ray absorption 
near edge structure (XANES) can be assigned to the 1s → 4pxy transi-
tion, indicative of a diagonal coordinated Cu (ref. 27). To confirm the 
atomic structure of the Cu sites, first-principles calculations based on 
density functional theory (DFT) were conducted to identify possible 
models and simulate their corresponding XANES spectra. Among all 
the proposed structures7 (Extended Data Fig. 3), the one consisting 
of heptazine chains shows the best agreement with the experimental 
Cu K-edge XANES spectrum (Fig. 1e). Such a diagonally coordinated 
N–Cu–N structure endows a Cu valence state of +1 and this monovalent 
Cu(I) state is further confirmed by X-ray photoelectron spectroscopy 
and electron paramagnetic resonance (EPR) spectroscopy (Extended 
Data Fig. 3).

Performance in cross-coupling reactions
To assess the reaction scope of the Cug/PCN catalyst, various (hetero)
aryl halides with different electronic and/or steric attributes were 
examined under ligand-free conditions (Supplementary Table 2 and 
Supplementary Fig. 3). The results demonstrate that Cug/PCN is an 
efficient heterogeneous catalyst for general cross-coupling reactions, 
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Fig. 1 | Synthesis and characterization of Cug/PCN. a, Strategy for the 
preparation of Cug/PCN GACs based on the periodic crystal structure of the 
host. b, FTIR spectra of PCN and Cug/PCN. c, Atomic-resolution ADF-STEM 
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transforming diverse reactants to targeted molecules with high 
selectivity and yields (Fig. 2 and Extended Data Fig. 4). Aryl and heter-
oaryl iodides and bromides are excellent coupling partners, afford-
ing a wide spectrum of products in good to excellent yields (1–82). 
Electron-donating, electron-withdrawing, functional substituents 

(for example, hydroxyl, amino, halide, ester, ketone, nitrile, alkene, 
alkyne) and heterocycles are well tolerated, providing great flexibility 
for further synthetic manipulations. In particular, nitrogen heterocy-
cles (1–11, 52–61), amides (12–14, 62), sulfonamide (15), aryl amines  
(16, 17, 63–69) and alkyl amines (18–21, 70) all participate in C–N coupling,  
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yielding diverse functionalized nitrogen-containing compounds. 
Fluorinated alcohols (33, 82) and deuterated methanol (32, 80, 81) 
are effective substrates for C–O coupling. Synthetically useful C–C 
coupling using terminal alkynes (38–42) or electron-deficient (hetero)
arenes (43, 44) can also be achieved. The GACs system outperforms Cu 
nanocatalysts and benchmarked homogeneous cuprous iodide at the 
same molar equivalent of copper (Supplementary Table 3). Further-
more, Cug/PCN demonstrated excellent performance (83–90, 88–94% 
yield) for azide–alkyne cycloaddition, a reaction known to involve two 
metal centres28. The Cug/PCN-catalysed cross-coupling is scalable: 
production of p-ethoxytoluene (22) was successfully executed on the 
26-g scale, affording the C–O coupling product in 87% isolated yield 
(Supplementary Fig. 4).

The compatibility of the GAC system was further tested on biorele-
vant molecules. Representative examples involving the cross-coupling 
of dl-menthol (94, 95), stigmasterol (50), dl-isoborneol (96), 
1,2,3,4-diacetone galactose (48) and the derivatives of testosterone 
(49) and prednisolone (51) (Fig. 2 and Extended Data Fig. 5), as well 
as the large-scale synthesis of drug-like p-arylthio aniline (47, 1.2 g), 
smoothly proceeded to deliver the corresponding products, highlight-
ing the applicability for late-stage modification of complex molecules 
of the Cug/PCN catalyst. Starting from commercially available sub-
strates, batch synthesis of selected pharmaceutically active compounds 
(91–93) was also successfully accomplished (Extended Data Fig. 5).

Reaction mechanism
To confirm the unique site cooperativity in the GACs, a series of Cu SACs 
(Cu1/PCN) was prepared with Cu contents ranging from 0.2 to 18.3 wt%, 
for which the ratio of monomeric Cu(I) to geminal Cu(I)…Cu(I) sites is 
expected to decrease on increasing the Cu content in the sample (Sup-
plementary Fig. 5). Meanwhile, detailed characterization (Extended 
Data Fig. 6) and quantum-theoretical studies based on DFT calcula-
tions (Extended Data Fig. 7) show the identical chemical state of each 
Cu regardless of the metal content. The catalytic performance of Cu1/
PCN catalysts with different Cu contents for C–N, C–O cross-coupling 
and azide–alkyne cycloaddition were evaluated using the same amount 
of Cu (2 mol%), respectively (Supplementary Table 4). Similar trends 
were observed in all cases: the product yields correlate with the metal 
content increasing from zero in the sample containing 0.2 wt% Cu, in 
which all the Cu(I) sites are isolated monomers, to around 90% over the 
catalyst with the highest content of geminal sites. This control experi-
ment reveals the inability of a monomer Cu(I) to trigger the coupling 
reaction because of the high energy barrier for oxidation of low-valent 
copper to a trivalent Cu(III) intermediate, highlighting the necessity 
of a geminal Cu(I)…Cu(I) structure. The low valence state of the metal 
centre endowed by the diagonally coordinated N–Cu–N configuration 
also plays an important role in the activation of reactants. This is by 
stark contrast to zero activity observed over ultrahigh-density divalent 
single-atom Cu(II) on nitrogen-doped carbon for the C–O coupling 
reaction, even if the catalyst contains an abundance of adjacent CuN4 
sites8 (Supplementary Fig. 6).

Given the well-documented difficulty of oxidative addition on Cu, we 
performed quantum-theoretical investigations (periodic and cluster 
models; Supplementary Fig. 7) to explore the coupling of 4-iodobenzene 
with methanol to gain molecular-level understanding of the cross-bond 
formation mediated by Cug/PCN. Initiation is induced by the separate 
adsorption of (hetero)aryl halide (4-iodobenzene) and the partner 
nucleophilic reactant (methanol) over each Cu(I) atom of the geminal 
site. Comprehensive theoretical calculations on the plausible mecha-
nisms strongly support the preference of a direct coupling pathway, in 
which a dynamically formed Cu2 dimer with direct Cu–Cu bonding facili-
tates C–O bond formation through oxidation addition and subsequent 
elimination to yield C6H5OCH3 (Fig. 3 and Supplementary Fig. 8). The 
unique heptazine chain structure allows for the adaptive migration of 

the geminal Cu (named CuA and CuB) towards each other on the adsorp-
tion of reactants (Fig. 3a and Supplementary Table 5), bringing the two 
reactants (*C6H5 and *OCH3) close enough for the direct cross-bond 
formation. The system naturally returns to the original static state with 
unbonded Cu(I)…Cu (I) sites after desorption of the product (Fig. 3c and 
Supplementary Video 1). Such a dynamic reconfiguration of geminal 
Cu sites during reaction is expected to be energetically costly, which 
can be largely offset by electronic energy gain through Cu–Cu bonding 
orbital interaction. Owing to quantum primogenic effect29, the atomic 
radial orbital extension of Cu 4s (about 2.2 Å) is much larger than Cu 
3d (about 1.3 Å) in the radial probability distribution (Supplementary 
Fig. 9), so that the Cu2 dimer formation is energetically compensated 
through Cu–Cu 4s–4s bonding30. Indeed, chemical-bonding analysis 
shows that the 4s–4s orbital interaction between the geminal Cu(II) 
will cause the system to undergo a potential-energy-surface crossing 
from CuII(d9s0)…CuII(d9s0) triplet to CuII(d8s1)–CuII(d8s1) singlet states 
when the direct 4s–4s σ-bond is formed (Fig. 3b). Furthermore, DFT 
calculations indicate that the alternative pathway involving the simul-
taneous oxidative addition of two reactants over a single copper has a 
much higher energy barrier (>2.45 eV), thus ruling out the possibility 
of a cross-coupling reaction occurring over an isolated monoatomic 
copper (Supplementary Fig. 10).

Apart from this, our theoretical calculations also show that the 
adsorption state of individual Cu sites in GACs exhibits negligible 
mutual influence, distinct from the conventional static dual-atom or 
bimetallic complex catalysts with a strong direct or indirect metal–
metal interaction31,32. For example, the calculated adsorption energies 
for the individual *C6H5 and *OCH3 on the Cu atoms amount to −0.90 eV 
and −1.04 eV, respectively. In the scenario where *OCH3 is pre-adsorbed 
on the CuA site, the resulting adsorption energy of *C6H5 on the CuB 
site is determined as −0.94 eV. Similarly, upon the pre-adsorption of 
*C6H5 on the CuA site, the calculated adsorption energy of *OCH3 on 
the CuB site is  −1.08 eV.  Notably, the co-adsorption process can 
occur only under the combination of 4-iodobenzene with methanol  
(neither two 4-iodobenzene nor two methanol molecules), which can 
explain why only cross-coupling products were obtained instead of 
homo-coupling products in the C–O coupling reaction (Supplemen-
tary Figs. 11 and 12). The adsorption of 4-iodobenzene and methanol 
on Cu sites caused the crucial Cu(I)-to-Cu(II) valence-state conver-
sion, which is directly evidenced by EPR spectroscopic measurements 
(Supplementary Fig. 13), in which the EPR-silent Cu(I,d10s0) in Cug/PCN 
is oxidized to EPR-sensitive Cu(II,d9s0). Further analysis of the calcu-
lated projected density of states (PDOS) (Supplementary Fig. 14) and 
variation in the Bader charges (Supplementary Table 6) and spin den-
sity population of Cu in Cug/PCN confirms that the valence state of 
Cu after adsorbing *C6H5 or *CH3O becomes Cu(II), consistent with 
the EPR result. Also, the calculated energy profile reveals the activa-
tion of 4-iodobenzene with an activation barrier larger than 0.98 eV, 
represents the rate-determining step for C–O coupling, consistent 
with the experimental results (Supplementary Fig. 15). The proposed 
theoretical framework was further validated through in situ XAFS and 
EPR experiments (Extended Data Fig. 8), which efficiently track the 
chemical state and local bonding environment evolution of Cu species 
during the whole reaction cycle.

Distinct advantages of GACs
The versatility of Cug/PCN was further showcased by evaluating the 
catalyst in various synthetic scenarios (Fig. 4). In the N-arylation of imi-
dazoles (97, 71, 72), Cug/PCN exhibited enhanced regioselectivity com-
pared with the benchmark homogeneous 1,10-phenanthroline-ligated 
copper catalyst33, suggesting a notable advantage of GACs in facili-
tating the formation of multifunctional heterocycles that are com-
mon in natural products and pharmaceuticals (Fig. 4a, Extended Data 
Fig. 4 and Supplementary Fig. 16). Encouragingly, the performance of  
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Cug/PCN in the C–N coupling reaction was not compromised by an 
exogenous equivalent of terpyridine (Fig. 4b), highlighting the toler-
ance of the catalyst to multi-coordinating entities. Moreover, the Cug/
PCN catalyst addressed practical shortcomings of reported synthetic 
routes to synthetically challenging pharmaceuticals. For example, 
a more readily available bromide substrate (this work, 1.4 mol% Cu 
catalyst, 62% yield) was successfully used in C–N coupling (previously 
iodide substrate, 3 equivalents Cu powder, 53% yield), improving the 
overall synthesis of dutasteride34 (98), a synthetic 4-azasteroid deriva-
tive used primarily to treat prostate disease (Fig. 4c). Similarly, a more 
efficient and cost-effective Ullmann coupling (this work, 1.4 mol% Cu 
catalyst, 65% yield) using a bromide substrate was designed as an alter-
native for the previously reported Chan–Lam coupling involving a 
more expensive boronic acid (2 equivalents Cu complex, 38% yield) for  
the synthesis of a precursor of xanthine derivatives35 (99), which are used 
as kinase inhibitors (Fig. 4d). By using catalytic amounts of recyclable 

Cug/PCN, stoichiometric amounts of copper waste can be avoided, 
which will otherwise lead to product contamination and other envi-
ronmental issues14. Furthermore, Cug/PCN demonstrated its capability 
in promoting cross-coupling reactions involving sterically demand-
ing substrates, enabling the synthesis of the precursor of chiral spiro  
Cp ligands36 (100), which are important in asymmetric catalysis37. 
Through this direct cross-coupling with Cug/PCN, the precursor can  
be secured in a single step in 52% yield, compared with the previous 
route that required three steps to deliver 100 in 22% overall yield 
because direct cross-coupling with isopropanol was inefficient in the 
presence of the homogeneous copper-based catalyst (Fig. 4e). These 
examples underline the power of Cug/PCN in overcoming challenges 
in organic synthesis, making them attractive candidates for practical 
adoption in fine-chemical production.

A further key advantage of using heterogeneous catalysts lies in 
their recoverability and reusability. Cug/PCN demonstrated excellent 
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durability and recyclability in the C–O coupling reaction as shown 
in Extended Data Fig. 9, with no appreciable conversion and selec-
tivity decrease over nine consecutive runs. Consistently, inductively 
coupled plasma atomic emission spectroscopy analysis of the used 

catalyst confirms the virtually identical amounts of Cu to the fresh 
Cug/PCN, accompanied by the absence of any detectable Cu ions 
in solution. The ADF-STEM image acquired over the used Cug/PCN 
catalyst showed a high density of atoms with no visible nanoparticle 
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aggregation, suggesting that the atomic dispersion of copper species 
was preserved after the catalytic reaction (Supplementary Fig. 17). Fou-
rier transform infrared (FTIR), XRD, X-ray photoelectron spectroscopy 
(XPS), Cu K-edge XANES and EXAFS analysis also revealed the identi-
cal atomic structures of Cu in the used catalyst to the fresh Cug/PCN 
(Extended Data Fig. 9). Also, the coupling of 4-iodotoluene with ethanol 
occurred in the presence of 0.01 mol% Cu (Cug/PCN) to give the desired 
product in 80% yield, corresponding to a turnover number of 8,000, 
which is almost two orders of magnitude higher than the homogene-
ous copper-catalysed cross-coupling of an aryl halide with aliphatic 
alcohol38. It is worth noting that the obtained turnover number value 
is probably underestimated owing to the active-site blockage by the 
deposition of insoluble salts (Supplementary Fig. 18). Furthermore, 
motivated by substantial developments to improve synthetic efficiency 
and the intensification of chemical processes, we translated the batch 
synthesis over Cug/PCN to a continuous-flow protocol, which has dis-
tinct advantages in terms of automation and process optimization39 
(Supplementary Fig. 19). Evaluation in a custom-made packed-bed reac-
tor evidenced a stable gradient production of ethoxybenzene under 
varying flow rates (Supplementary Fig. 20) and a constant production 
of 1-(4-methylbenzyl)-4-phenyl-1H-1,2,3-triazole on stream for more 
than 144 h with no obvious variation in selectivity or yield (Fig. 4f), 
as well as the negligible leaching of Cu ions into solution compared 
with commercially available copper tube flow reactors (Fig. 4f inset).

Finally, we have quantified the environmental benefits of the 
geminal-atom-catalysed route compared with conventional homoge-
neous synthesis through LCA. This analysis, which provided a detailed 
cradle-to-gate evaluation of the impacts of all the reaction compo-
nents, revealed substantially reduced environmental footprint of the 
heterogeneous catalyst and highlighted the dominant contribution 
of the ligand in the homogeneous system (Fig. 4g and Supplementary 
Figs. 21 and 22). Moreover, sensitivity analysis on the LCA results shows 
that it would be difficult to find a homogenous counterpart that shows 
substantially better environmental performance, as contributions of 
the catalyst and solvent to the total impact in the heterogeneous system 
are already low (Supplementary Fig. 23).
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Methods

Synthesis of PCN
Bulk PCN was prepared by calcining dicyandiamide at 550 °C 
(2.3 °C min−1 heating rate) in a crucible for 3 h in static air. Exfoliated 
PCN was obtained by thermal exfoliation at 500 °C (5 °C min−1 heating 
rate) for 5 h in static air. The exfoliation procedure was repeated several 
times until the PCN was exfoliated efficiently.

Synthesis of Cug/PCN
CuCl2 (0.64 g) and exfoliated PCN (0.70 g) were dispersed in 200 ml for-
mamide, sonicated for 10 min and then stirred in an oil bath (120 °C) for 
12 h, following centrifugation and washing thoroughly by ethanol several 
times. The oven-dried powder (80 °C) was subsequently heated to 500 °C 
with a heating rate of 2 °C min−1 and kept for 5 h with the protection of 
N2 flow. Cu1/PCN with Cu contents of 0.2, 0.9, 1.8, 8.0 and 10.8 wt% were 
prepared using 0.2, 1.0, 2.0, 10.0 and 15.0 wt% Cu feeding, respectively.

Material characterization
Wide-angle XRD patterns were collected on a Bruker D8 Focus Powder 
X-ray diffractometer using Cu Kα radiation (40 kV, 40 mA) at room tem-
perature. ADF-STEM imaging was carried out in an aberration-corrected 
JEOL ARM-200F system equipped with a cold field emission gun operat-
ing at 60 kV. XPS measurements were carried out in a custom-designed 
ultrahigh-vacuum system with a base pressure lower than 2 × 10−10 mbar. 
Al Kα (hν = 1,486.7 eV) was used as the excitation source for XPS. The 
atomic force microscopy image was acquired on a Bruker FastScan AFM 
using TappingMode. The metal content in all the catalysts was measured  
by an inductively coupled plasma atomic emission spectrometer. FTIR 
spectra were performed at 25 °C on a Bruker Equinox 55 spectrometer 
equipped with a mercury cadmium telluride detector. X-band EPR 
spectra were obtained with a JEOL (FA200) spectrometer. 1H, 13C and 19F 
nuclear magnetic resonance spectra were recorded on Bruker Avance 
Neo 400 or 500 spectrometers. The STM experiments were conducted 
in ultrahigh-vacuum conditions (base pressure <2 × 10−9 mbar) at 4.4 K 
using a Scienta Omicron LT STM system. The XANES and EXAFS meas-
urements were carried out at the XAFCA beamline of the Singapore 
Synchrotron Light Source (SSLS)40. A Si(111) double-crystal mono-
chromator was used to filter the X-ray beam. High-resolution XANES 
was performed using the third harmonic of the Si(111) double-crystal 
monochromator. Copper foil was used for the energy calibration and all 
samples were measured under transmission mode. EXAFS oscillations 
χ(k) were extracted and analysed using the Demeter software package41.

For cross-coupling reactions, all the reactants and catalysts were 
added in a nitrogen-filled glovebox to avoid potential performance 
losses owing to substrate instability in the presence of oxygen or, in 
particular, trace amounts of water.

C–N bond formation
An oven-dried screw-top reaction tube was equipped with a stir bar. 
Aryl halide (0.2 mmol), nitrogen-based nucleophile (0.24 mmol for 
N-heterocyclic compounds, 0.3 mmol for primary and secondary 
amines), Cug/PCN (1.0 mg, 1.4 mol% Cu), 0.4 mmol base (K3PO4 for 
N-heterocyclic compounds, NaOH for primary and secondary amines) 
and anhydrous dimethyl sulfoxide (DMSO; 1.0 ml) were sequentially 
added. The reaction tube was sealed with a Teflon-lined screw cap, 
removed from the glovebox, placed in an oil bath preheated to 110 °C 
and stirred for 28 h. After cooling to room temperature, the reaction 
cap was removed and the reaction mixture was concentrated in vacuo 
with the aid of a rotary evaporator. The resulting residue was then puri-
fied by silica gel column chromatography to give the pure product.

C–O bond formation
An oven-dried screw-top reaction tube was equipped with a stir bar. 
Aryl iodide (0.2 mmol), alcohol (0.4 mmol, for di-halide aromatic 

ring, 0.8 mmol), Cug/PCN (1.0 mg, 1.4 mol% Cu), KOtBu (0.3 mmol, for 
di-halide aromatic ring, 0.6 mmol) and anhydrous dioxane (2.0 ml) were 
sequentially added. The reaction tube was sealed with a Teflon-lined 
screw cap, removed from the glovebox, placed in an oil bath preheated 
to 80 °C and stirred for 18 h. After cooling to room temperature, the 
reaction cap was removed and the reaction mixture was concentrated in 
vacuo with the aid of a rotary evaporator. The resulting residue was then 
purified by silica gel column chromatography to give the pure product.

C–C bond formation
An oven-dried screw-top reaction tube was equipped with a stir bar. 
Aryl halide (0.2 mmol), alkyne (0.3 mmol, for di-halide aromatic ring, 
0.6 mmol), Cug/PCN (1.0 mg, 1.4 mol% Cu), Cs(OH)2.H2O (0.3 mmol, for 
di-halide aromatic ring, 0.6 mmol) and anhydrous DMSO (1.0 ml) were 
sequentially added. The reaction tube was sealed with a Teflon-lined 
screw cap, removed from the glovebox, placed in an oil bath preheated 
to 110 °C and stirred for 28 h. After cooling to room temperature, the 
reaction cap was removed and the reaction mixture was concentrated 
in vacuo with the aid of a rotary evaporator. The resulting residue was 
then purified by silica gel column chromatography to give the pure 
product.

C–S bond formation
An oven-dried screw-top reaction tube was equipped with a stir bar. 
Aryl halide (0.2 mmol), mercaptan/thiophenol (0.3 mmol), Cug/PCN 
(1.0 mg, 1.4 mol% Cu), NaOtBu (0.30 mmol) and anhydrous dioxane 
(2.0 ml) were sequentially added. The reaction tube was sealed with 
a Teflon-lined screw cap, removed from the glovebox, placed in an 
oil bath preheated to 80 °C and stirred for 18 h. After cooling to room 
temperature, the reaction cap was removed and the reaction mixture 
was concentrated in vacuo with the aid of a rotary evaporator. The 
resulting residue was then purified by silica gel column chromatog-
raphy to give the pure product.

Azide–alkyne cycloaddition
Azide–alkyne cycloaddition was carried out in a 10-ml glass tube with 
Cug/PCN catalyst (1 mg, 1.4 mol% Cu), 0.2 mmol of aryl acetylene, 
0.6 mmol (1.2 mmol for di-aryl acetylene) of benzyl azide, decane 
(0.2 mmol) and 3 ml of a 1:1 water/acetonitrile mixture and stirred at 
60 °C for 24 h. After cooling to room temperature, the mixture was 
diluted with water and extracted with dichloromethane. The crude 
product was analysed by gas chromatography–mass spectrometry 
for determination of the yield.

Recycling test
4-Iodotoluene (20.0 mmol, 4,360 mg), ethanol (40.0 mmol, 1,840 mg), 
Cug/PCN (100 mg, 1.4 mol% Cu), KOtBu (30 mmol, 3,368 mg), decane 
(10.0 mmol, 1,950 μl) and anhydrous dioxane (200 ml) were sequen-
tially added to an oven-dried screw-top reaction bottle equipped with 
a stir bar. The reaction bottle was sealed with a Teflon-lined screw cap, 
removed from the glovebox, placed in an oil bath preheated to 80 °C 
and stirred for 8 h. After cooling to room temperature, the bottle was 
allowed to stand for 1 h. The reaction cap was then removed, an ali-
quot of the solution transferred into a vial, diluted with EtOAc and 
analysed by gas chromatography to determine the yield. The remaining 
reaction mixture was removed by vacuum filtration using nylon filter 
membranes. Before use in the next cycle reaction, the catalyst was 
washed in dioxane, EtOH and deionized water three times and dried 
overnight at 80 °C.

Continuous-flow synthesis
The continuous-flow reactions were conducted in a tubular reactor. 
250 mg of Cug/PCN (40–100 mesh particles) and 250 mg quartz sand/
celite at each end was packed in a steel/quartz column reactor and 
the mixture of reactants, bases and solvents was pumped through 



the column at a certain flow rate. The real-time yield of product was 
detected by gas chromatography–mass spectrometry.

In situ X-ray absorption spectroscopy
In a nitrogen-filled glovebox, an oven-dried screw-top reaction tube 
was equipped with a stir bar. 4-iodobenzene (1.0 mmol), ethanol 
(2.0 mmol), Cug/PCN (5.0 mg), KOtBu (1.5 mmol) and anhydrous diox-
ane (5.0 ml) were sequentially added. The reaction tube was sealed with 
a Teflon-lined screw cap, removed from the glovebox, placed in an oil 
bath preheated to 80 °C and stirred for 3 h. After that, the mixture was 
quickly transferred to a plastic bag for XAFS measurement.

In situ EPR spectroscopy
In a nitrogen-filled glovebox, an oven-dried quartz EPR tube was 
equipped with a stir bar. 4-iodobenzene (0.05 mmol), ethanol 
(0.1 mmol), Cug/PCN (4.0 mg), KOtBu (0.075 mmol) and anhydrous 
dioxane (0.5 ml) were sequentially added. The reaction tube was sealed 
with a screw cap, removed from the glovebox and placed in an oil bath 
preheated to 80 °C under stirring. For each indicated time, the EPR 
tube was transferred from the oil bath to the EPR spectrometer and 
the corresponding measurement taken. After collecting the data, the 
EPR tube was retransferred to the oil bath for continuing reactions.

Computational details
The quantum-chemical studies were carried out at the level of Kohn–
Sham DFT using two types of theoretical formalism, the periodic DFT 
approach and the molecular DFT approach for a selected cluster model. 
These two approaches provide more comprehensive computational 
data for understanding the geometric structures, electronic struc-
tures, chemical bonding and catalytic mechanism. The periodic DFT 
calculations were performed with the Vienna Ab initio Simulation Pack-
age (VASP)42. These first-principles calculations under spin-polarized 
Kohn–Sham formulism were carried out for the structure optimiza-
tions, electronic-structure analysis and transition-state search with 
climbing image nudged elastic band43. The generalized gradient 
approximation in Perdew–Burke–Ernzerhof exchange-correlation 
functional44, the projector-augmented wave method45 and a plane-wave 
basis set with a cutoff energy of 450 eV were used in all the calculations. 
The convergence criterion for structural relaxations and climbing 
image nudged elastic band was set to 0.01 eV Å−1 and 0.05 eV Å−1, respec-
tively. A vacuum layer of 15 Å in the direction perpendicular to PCN film 
was included to avoid artificial interaction between the neighbouring 
images. 5 × 5 × 1 k-point sampling was applied in all calculations. A 2 × 2 
supercell of PCN structure was adopted to model the Cu-doped PCN 2D 
film. The supercell used in the calculation is shown in Supplementary 
Fig. 7. The adsorption energy is defined as Eads = E(adsorbed) − E(separa
ted), which means stronger adsorption with more negative adsorption 
energy. The calculated charge density distributions and PDOS of the 
single-atom Cu and two-atom Cu (geminal) doped carbon–nitrogen 
2D material are shown in Extended Data Fig. 7.

The molecular DFT calculations were carried out on the cluster 
model constructed to compare with the periodic DFT calculations, as 
shown in Supplementary Fig. 7b. Spin-restricted and spin-unrestricted 
(polarized) Kohn–Sham calculations were respectively carried out  
for closed-shell singlet states and open-shell singlet/triplet states 
using the Gaussian 16 suite of programs46. The polarized split-valence 
6-31G(d) Gaussian basis sets were used for the C, N, O and H atoms47. 
The effective core potential of LANL2DZ48 was adopted for Cu, 
together with the LANL2DZ basis set for the valence electrons of  
Cu [Ne]3s23p63d64s2. Harmonic vibrational frequencies were obtained 
at the same levels in this work to check the properties of the station-
ary points. All of the structures discussed in this work are minimal 
or transition states on the corresponding potential energy surfaces, 
as confirmed by zero or one imaginary frequency, respectively. To 
further refine the electronic energies, the single-point calculations 

on the optimized geometries were also performed using the hybrid 
B3LYP functional when specified49,50. We also plotted the radial dis-
tribution probability density (Supplementary Fig. 9), D(r) = r2R(r)2, of 
Cu(II) atomic orbitals to explain the chemical bonding interaction of 
geminal Cu…Cu when the distance is changed.

The adsorption energy (Eads) for molecule M on the GACs was defined 
as

E E E E= − −ads M GAC GAC M‐

in which EM‐GAC, EGAC and EM are the total energy for GACs with the 
M-molecule adsorbed, the GACs and the absorption molecule,  
respectively.

To explore the catalytic reaction mechanism of various chemical reac-
tions on GACs, we have chosen to focus on C–O coupling reactions. The 
reaction between C6H5I and CH3OH was selected as an example and the 
energy profiles calculated with Perdew–Burke–Ernzerhof functional 
for the various pathways and processes are shown in Supplementary 
Figs. 8–12. Both the direct dehalogenation and dehydrogenation of 
C6H5I and CH3OH and the indirect ones with the help of strong base of 
KOtBu were studied. Two reaction pathways (indirect and direct path-
ways) for C–O coupling between *C6H5 and CH3O* were also explored. 
Through the indirect pathway, C–O coupling of CH3O* and *C6H5 to form 
C6H5OCH3 is much more difficult than in the direct pathway, in which 
C–O coupling is facilitated by dynamic formation of a direct Cu–Cu 
4s–4s bond. The latter represents a new reaction mechanism for C–O 
coupling by means of the disproportional process of copper oxidation 
state from Cu(II)–Cu(II) to Cu(III)–Cu(I). The atomic numbering of the 
CuA…CuB active sites together with the N-atoms of GACs, as well as the 
calculated bond distances and Wiberg bond orders for intermediate 
states IS5 and IS6, are listed in Supplementary Table 5. The Mulliken 
spin-density populations of the atoms in the open-shell intermediates 
3IS3 and 3IS4 are listed in Supplementary Table 7 to facilitate the assign-
ment of the oxidation states of CuA…CuB active sites in the dispropor-
tional process. Here the superscripts 1 and 3 (for example, in 3IS3 and 
3IS4) indicate the spin multiplicity 2S + 1 of the system.

LCA
LCA followed the four LCA phases in the ISO 14040/14044 standards51,52. 
The goal (step 1) was to estimate the environmental impacts of two 
alternative catalytic pathways (that is, heterogeneously and homoge-
neously catalysed) for the synthesis of product 1 (1-(naphthalen-1-yl)-
1H-imidazole) through an Ullmann-type C–N coupling reaction. 
Both pathways use the same substrates (1-iodonaphthalene and 
1H-imidazole) but implement different reaction conditions, including 
solvents (dimethyl sulfoxide or N-methyl-2-pyrrolidone, respectively), 
to synthesize 1 kg of product 1 (the functional unit). The heteroge-
neous reaction uses the Cug/PCN GAC developed in this work, for 
which the homogeneous catalytic system consisted of Cu2O with 
4,7-dimethoxy-1,10-phenanthroline as the ligand (Cu2O + L1; Supple-
mentary Table 2). A cradle-to-gate scope was adopted, that is, the LCA 
covers all the emissions associated with the upstream activities in the 
synthesis of substrates, solvents and catalysts for both systems until 
the generation of product 1, while omitting its posterior use and dis-
posal stages (which would be the same in both cases). No recycling was 
assumed for the reaction mixture in either of the routes in the baseline 
scenarios. However, the effect of reusing the catalyst and solvent (that 
is, reducing the required amounts of these components) was explored 
in a sensitivity analysis considering up to 100 cycles (Supplementary 
Fig. 23).

In the life-cycle inventory (step two), we used experimental values 
complemented with mass balances based on stoichiometric coef-
ficients of upstream synthesis steps to estimate the whole range of 
inputs in the foreground system. In essence, mass balances were 
applied recursively in the synthesis tree of the two catalysts and one 
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of the reactants (that is, 1-iodonaphthalene) until reaching compounds 
available in ecoinvent v3.9 (ref. 53), from where background data of 
the surrounding activities providing inputs to the foreground system 
were retrieved using the cutoff modelling choice (more details are 
available at https://ecoinvent.org/the-ecoinvent-database). In the life 
cycle impact assessment phase (step three), we computed the 100-year 
global warming potential (GWP100), measured in kg of CO2 equivalents 
(kgCO2eq), considering short-lived climate forcers. To this end, we fol-
lowed the Intergovernmental Panel on Climate Change of the United 
Nations54, which estimates the potential of climate change induced 
by greenhouse gas emissions. Moreover, we complement the impact 
analysis with the end points of the ReCiPe2016 (ref. 55), assessing the 
damage on three main areas of protection; human health, ecosystems 
quality and resource availability. Finally, in the fourth LCA phase, the 
results were interpreted, identifying hotspots and providing conclu-
sions and recommendations. All of the LCA calculations were imple-
mented in Brightway2 v2.4.1 (ref. 56).

Data availability
All data are available in the manuscript or in the Supplementary infor-
mation. The data for the LCA analysis are deposited in the Zenodo 
repository: https://doi.org/10.5281/zenodo.8277667.
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Extended Data Fig. 1 | STM characterization of Cug/PCN. a, Overview STM image after annealing PCN on Cu(111) at 370 K, V = 2.0 V, I = 20 pA. b, Corresponding 
constant-height STM image with a CO-functionalized tip (V = 5 mV, Δz = −20 pm; set point before turning off feedback, V = 5 mV, I = 200 pA).



Article

Extended Data Fig. 2 | Characterization of Cug/PCN. a, High-resolution TEM 
image with the corresponding Fourier transform diffraction pattern inset.  
b, ADF-STEM image and corresponding elemental maps. c, Atomic force 
microscopy image of Cug/PCN with height profile inset. d, XRD patterns of PCN 

and Cug/PCN. e, Cu 2p XPS spectra of Cug/PCN. The peaks at 932.8 eV and 
952.7 eV are assigned to Cu(I). The solid red line and dotted black line represent 
the experiment and fitting curves, respectively. f, EPR spectra of Cug/PCN and 
the reference CuCl2.



Extended Data Fig. 3 | Comparison of the experimental and modelled Cu K-edge XANES spectra. The corresponding DFT-modelled atomic structures are 
shown in the insets. Colour code: C, grey; N, blue; O, green; Cu, orange; H, white.
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Extended Data Fig. 4 | Substrate scope of Cug/PCN-catalysed cross-coupling and cycloaddition. Product isolated yields obtained in Cug/PCN-catalysed C–N 
(52–72) and C–O bond formations (73–82). Products yields for Cug/PCN-catalysed azide–alkyne cycloadditions (83–90) determined by gas chromatography.



Extended Data Fig. 5 | Cug/PCN-catalysed pharmaceutical and biorelevant molecules. a, Synthesis of pharmaceutical compounds (91–93) in multisteps and 
one-pot manner. b, Synthesis of biorelevant molecules (94–96) from natural products.
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Extended Data Fig. 6 | Characterization of Cu1/PCN with different Cu contents. ADF-STEM images (scale bar, 1 nm) (a), FTIR spectra (b) and Fourier-transformed 
EXAFS spectra (c) of Cu1/PCN samples with different Cu contents. Red and yellow dashed lines encircle GAC and SAC sites, respectively.



Extended Data Fig. 7 | Electronic structure of Cu1/PCN with different Cu 
contents.  Cu K-edge XANES (a) and Cu 2p XPS (b) spectra of Cu1/PCN samples 
with different Cu contents. c,d, Charge density distributions and PDOS of 

monomeric (c) and geminal (d) Cu sites, respectively. Colour code: Cu, pink;  
C, grey; N, blue; H, white.
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Extended Data Fig. 8 | In situ XANES and EPR spectra during C–O coupling 
reaction. a,b, In situ Cu K-edge XANES (a) and Fourier-transformed EXAFS (b) 
spectra of Cug/PCN catalyst measured before and in the C–O coupling reaction, 
respectively. c, In situ EPR spectra of Cug/PCN recorded at different times in the 
C–O coupling reaction. The chemical state change of Cug/PCN during the C–O 
cross-coupling reaction cycle was clearly seen from Cu K-edge XANES. A distinct 
weakening of the feature peak at 8,983 eV and an increase of the main peak at 
8,996 eV indicate that the valence state of Cu increases during the reaction, 

which is related to the successful adsorption of 4-iodotoluene or methanol. 
Correspondingly, the intensity of the main peak related to the first coordination 
sphere in the Fourier-transformed EXAFS spectra increases, evidencing the 
increased coordination number of Cu. The change in the chemical valence state 
of Cu during the reaction cycle is further explained by in situ EPR spectroscopy. 
EPR-silent Cu(I) is first oxidized to EPR-sensitive Cu(II) with a gradually enhanced 
signal intensity and then reduced to the original Cu(I) state during a complete 
reaction process, in line with the in situ XAFS results.



Extended Data Fig. 9 | Stability of Cug/PCN in C–O coupling. a, Cycling  
test for the coupling of 4-iodotoluene with ethanol to form C–O bond over  
Cug/PCN. FTIR spectra (b), XRD pattern (c), XPS spectra (d), Cu K-edge 

Fourier-transformed EXAFS (e) and XANES (f) spectra of the as-prepared  
Cug/PCN and the catalyst recovered after nine reaction cycles.
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